It is reasonable to propose that gene expression profiles of purified stem cells could give clues for the molecular mechanisms of stem cell behavior. We took advantage of cDNA subtraction to identify a set of genes selectively expressed in mouse adult hematopoietic stem cells (HSC) as opposed to bone marrow (BM). Analysis of HSC-enriched genes revealed several key regulatory gene candidates, including two novel seven transmembrane (7TM) receptors. Furthermore, by using cDNA microarray techniques we found a large set of HSC-enriched genes that are expressed in mouse neurospheres (a population greatly enriched for neural progenitor cells), but not present in terminally differentiated neural cells. In situ hybridization demonstrated that many of them, including one HSC-enriched 7TM receptor, were selectively expressed in the germinal zones of fetal and adult brain, the regions harboring mouse neural stem cells. We propose that at least some of the transcripts that are selectively and commonly expressed in two or more types of stem cells define a functionally conserved group of genes evolved to participate in basic stem cell functions, including stem cell self-renewal.
L
ymphohematopoietic cells are constantly replenished by common clonogenic precursors called hematopoietic stem cells (HSC; refs. 1 and 2). HSCs are the principal cells responsible for developing and maintaining lympho-and hematopoiesis during ontogeny and after BM transplantation (3, 4) . One of the most intriguing properties of adult HSCs is a robust maintenance of the dynamic equilibrium between self-renewal and differentiation (5) . Despite extensive phenotypic and functional characterization of HSCs (6, 7) , little is known about the molecular mechanisms that regulate their self-renewal and differentiation. The likelihood that HSC function might require selective gene expression was recently supported by the identification of transcripts enriched in mouse fetal liver hematopoietic stem cells (8) .
Central nervous system neural stem cells (NSC) have been identified in different regions of fetal and adult brain, and have come into focus as a new platform for research in neurodevelopment and neurobiology, as well as candidates for the potential treatment of neurodegenerative diseases and central nervous system injury (9) (10) (11) (12) . Similar to HSC, the NSC can self-renew and differentiate into all types of neural cells throughout life (13, 14) . In both rodent and man, long-term neural cultures growing as adherent layers or as nonadherent neurospheres (NS) have been shown to contain clonal progenitors of neurons, astrocytes, and oligodendrocytes (14, 15) .
Intriguingly, in the past few years several lines of evidence indicate that both hematopoietic and neural stem cells might demonstrate surprising plasticity. Highly purified HSC were shown to give rise to liver tissues (16) and bone marrow (BM)-derived cells were shown to give rise to muscle cells (17) ; in addition, there are reports claiming BM origin of a different type of neural cells, including mature neurons in brain (18, 19) . In a similar fashion, NS-derived cells were shown in one case to give rise to hematopoietic cells (20) and in another case to participate in the formation of many other embryonic and adult tissues, but not blood (21) . These results suggest that different stem cells, but not any other cells in the adult organism, may retain a general self-renewing and differentiating capacity or pluripotency (22) and thus it seems reasonable to propose that common basic molecular mechanisms, in addition to environmental clues, could be responsible for self-renewal properties of stem cells.
Here we approached the isolation of genes commonly and preferentially expressed in stem cells by identifying the genes that differentially expressed in adult HSC compared with its direct environment, BM. Furthermore, using cDNA microarray technology, we have identified a set of genes expressed in HSC (but not BM) that are also expressed in mouse neurospheres (but not in terminally differentiated neural cells). In vivo, many of these genes also selectively expressed in the regions of embryonic and adult brain that contain central nervous system stem cells and are the sites of continuous neurogenesis. double-sorted HSCs (23) from AKR͞J mice and 6 ϫ 10 5 BM cells were used to isolate RNA and make first-strand cDNA, using CLON-TECH's SMART first-strand cDNA synthesis. The cDNA subtraction was performed with the PCR-Select protocol (CLON-TECH) after 16 cycles of PCR amplification, according to manufacturer's instructions.
Materials and Methods

Results
During mouse adulthood, virtually all hematopoietic stem cell activity is found within the c-kit ϩ , Thy1.1 low , Lin neg/low , Sca-1 ϩ population of the BM (7). BM cDNA was subtracted from HSCs cDNA to enrich for transcripts expressed in HSCs by using the PCR-Select procedure (CLONTECH). The subtracted library (named HB) was examined by high-throughput sequencing followed by the BLAST search of publicly available databases and sequence analysis. Clustering of 1,500 primary sequences resulted in a set of 223 nonredundant contigs-some of them (40%) representing known genes and their homologues, others (41%) matching novel sequences (expressed sequence tags, many of which originated from early embryonic tissues), and a substantial proportion (19%) producing no match in public databases ( Fig. 1 A and B) . Over 95% of the contigs were assembled from more than 1 read (up to 35 reads), suggesting an exhaustive sequencing of the HB library (Fig. 1C) . Informative transcripts found in the HB library included a diverse set of novel and known genes (see Table 1 , which is published as supplemental data on the PNAS web site, www.pnas.org). The well known mouse hematopoietic stem cell surface markers such as c-kit (7) and CD34 antigen (25) were found, confirming the veracity of subtraction. The most abundant transcripts, macro H2A1.2 and dnmt3b identified in the fetal liver stem cell screen (8) were not seen in the HB library, illustrating likely genetic differences between fetal and adult HSC. Among the common transcripts found in fetal liver and adult hematopoietic stem cells were Angiopoietin 1, a Tie2͞TEK ligand (26) recently proposed to be responsible for HSC-promoted angiogenesis (27) , CD27, a member of the TNF receptor family marking a subset enriched for the cells with short-term hematopoietic activities (28) , and Evi-1, an oncogene involved in leukemogenesis (29) . In general, a proportion of the analyzed transcripts from the HB library match the records in the Stem Cell Database (http:͞͞ stemcell.princeton.edu), suggesting the overlapping but not identical expression profiles in fetal and adult HSC.
In parallel with sequencing efforts, dot blot hybridization with HSCs and BM cDNA probes was used to screen over 500 clones from the HB library. Clones with the most prominent differential expression were examined by semiquantitative reverse transcription-PCR analysis using gene specific primers and the RNA prepared from three independently double-sorted HSC and BM samples. Several transcripts were estimated to be over 100-fold (eight PCR cycles) enriched in HSC (Fig. 2) , testifying to the efficiency of the subtraction procedure. PCR-analyzed clones showing robust differential expression were further scrutinized by Northern hybridization (see Fig. 5 , which is published as supplemental data). In addition to strong differential expression in HSC, confirmed for all transcripts, most of the genes had a complex expression pattern, suggesting they play roles in other tissue and organs. In some cases (e.g., Meis1, HB44, and 114͞A10), low to no expression was detected outside of the HSC compartment, suggesting that in adult mouse these genes could be functioning selectively in the HSC population.
Transcripts related to protease inhibitors were among the most abundant in the HB library. One of them, the Ctla-2␣ gene (incompletely spliced in the HB library), was found to be selectively expressed also in activated cytotoxic T cells and to share high homology to a cysteine protease proregion (30) . Another serine protease inhibitor, Spi2A, was identified to be specifically expressed in multipotent hematopoietic progenitor FDCP-Mix cells (31) . The Spi2A variant found in HSC has minor aa changes (G173S, N179K, E182Q, T191M, L344Q, T356K, C410S, M411E), possibly due to allelic variations. The abundant expression of Spi2A in HSC (at the level of ␤-actin) is highly differential (Fig. 2) , with the lower level detected in spleen, thymus, and testis (31). In addition to a number of DNA binding and nuclear proteins, well known transcription factors Meis1 and Evi-1 were found in the HB library. In the adult mouse, Meis1 mRNA was found at very low levels in several tissues, but strongly and differentially expressed in HSC compared with BM (see Fig. 5 ). Moreover, by using Meis1-specific antibodies (gift of Yakob Jakobs, Stanford University Medical School, Stanford, CA) high levels of Meis1 expression in HSC were confirmed on the protein level (A.V.T. and Y. Jakobs, unpublished observation).
Among the gene products implicated in signaling, several IFN-induced messages (GTP2͞Tgtp, RNase-L, HB44) were identified in the HB library. The most abundant of them, GTP2͞Tgtp, is induced in IFN-activated macrophages and T cells (32, 33) . A new protein, HB44, is a member or a close homologue of an INF-inducible transmembrane receptor protein family (32, 34) and is closely related (76% aa identity) to the 9-27 gene, which was shown to form a complex relaying growth inhibitory and aggregation signals (35) .
Messages coding for cell surface proteins represented the largest group in the HB library, including the well-known c-kit and CD34 HSC markers. Among the lesser known hematopoietic markers, the 114͞A10 antigen (36) showed a very specific expression in HSC with almost no expression in other adult tissues (see Fig. 5 ). Indeed, the majority of hematopoietic colony-forming cells were found in the fraction (5%) of 114͞A10 positive BM cells, consistent with its expression on hematopoietic progenitors (36) .
Several novel transmembrane proteins were found in the HB library. We have focused on two proteins, Cyt28 and mETL1, both members of the secretin subfamily of seven transmembrane (7TM) receptors, based on hydropathy profile and multiple sequence alignments (see Fig. 6 , which is published as supplemental data). The mouse homologue of rat ETL1 protein (gb͉AAG33020.1͉) mELT1 has high homology with rat latrotophilin receptor (CLA3B brain splice variant; ref. 37 ) and a human brain protein of unknown function (GenBank accession no. KIAA0768; ref. 38) . Most of the homology is found within the 7TM region (56% identical, 74% positives) with no high score alignments for the putative extracellular part. Protein sequence analysis suggested that mETL1 has a leader peptide, one EGF-like domain and one or two tandem-organized, Cabinding, EGF-like domains, a Latrophilin͞CL-1-like GPS domain, and multiple sites for N-and O-linked glycosylation (see Fig. 6 ). The mETL1 protein has overall significant homology with CD97, a 7TM receptor for decay acceleration factor (DAF or CD55; refs. 39 and 40), and EMR1 (41), a 7TM protein with unknown function cloned from a neuroectodermal cDNA library. Northern blot analysis of adult mouse tissue detected moderate expression in heart and low levels in lung, kidney, brain, and liver (see Fig. 5 ).
Of particular interest was Cyt28 protein, a 7TM receptor also expressed in fetal liver stem cells (I. Lemischka, personal communication). The database search identified two human proteins, GPR56 (42) and TM7XN1 (43) , that shared about 80% identity with Cyt28. GPR56 and TM7XN1 are 98% identical and differ mainly by the insertion in the first intracellular loop of GPR56 (see Fig. 6 ), most probably the result of allelic variations and͞or alternative splicing. Thus, Cyt28 is most probably the mouse orthologue of GPR56͞TM7XN1 human protein. Similar to mETL1, Cyt28 has a Latrophilin͞CL-1-like GPS domain, and multiple N-and O-linked glycosylation sites reminiscent of mucin-like proteins. Northern blot analysis revealed high levels of Cyt28 expression in brain, kidney, and heart and moderate expression in lung and testis (see Fig. 5 ).
Homology searching and database mining revealed many transcripts found in the subtracted HB library, in addition to Cyt28, that were expressed in central and peripheral nervous tissues. These findings prompted us to look systematically for the genes that expressed specifically and in common in HSC and in neural stem͞progenitor cells. Neurospheres derived from the subventricular zone (SVZ) of newborn mice can proliferate and retain pluripotency, differentiating into neurons, astrocytes, and oligodendrocytes [differentiated cells (DC)], under the proper growth factor conditions (44) . Because this model system was recently used for genetic analysis of neural progenitor differentiation (24), it was ideal for testing the overlap between hematopoiesis and neurogenesis. To identify the HSC-specific genes expressed in NS, amplified cDNAs from HSC and BM were cohybridized with the array containing NS-specific transcripts. A large number of clones selectively hybridized with HSC cDNA. Those with 2-fold or greater enrichment in HSC over BM were chosen and differential expression of identified transcripts in HSC was reconfirmed by reverse transcription-PCR analysis using an independent set of double-sorted HSC and BM (data not shown). In addition to the genes already identified in the HB library (e.g., Cyt28, ml3-PSP, Nedd4), a number of transcripts with homology to known genes were identified (see Table 2 , which is published as supplemental data). More than half of common-selective transcripts were novel; some showed homology to various expressed sequence tags from early embryonic and brain libraries and 25% of the sequences showed no matches in the public database. To determine whether common-selective genes expressed in zones of neurogenesis in vivo, we performed in situ hybridization onto tissue sections from developing mice ranging from embryonic day 13 to adult ( Fig. 3) . In all cases, labeling in the brain was generally restricted to the germinal zones at all stages examined, consistent with expression in neural progenitors. Predominant expression in the ventricular zone (VZ) versus the SVZ was observed for Cyt28, Cyclin D1, Ku80, and SCD2 genes; conversely, HMGI-C expression was greater in SVZ than in VZ (Fig. 3 G and I and data not shown) . Distinct expression patterns were observed for some genes. Likewise for Cyt28 mRNA on E13, little hybridization was observed elsewhere in the embryo, except in the liver, where the distribution was patchy (Fig. 3H) . For Cyclin D1 mRNA on E17 and P0, higher expression was seen in the dorsal and ventral parts of the forebrain germinal zone, and lower expression in the middle parts, possibly related to the production of different neuronal types. A very high expression level of HMGI-C was observed in developing meninges, structures proposed to play a role in neuron migration (ref. 45 ; Fig. 3C ). In addition to the high expression level in VZ, heavy SDC2 labeling was seen in both cranial and spinal ganglia (Fig. 3 I and J) . In addition to enriched expression in VZ, a strong expression in E13 liver, resembling ml3-PSP (24), was seen for a transcript A1A5 (Fig. 3F) .
Discussion
This study has identified a large number of genes enriched in adult HSC and demonstrated visible differences in gene expression profiles between adult and fetal liver HSC. Furthermore, we demonstrated an overlap between the genetic programs of hematopoietic and neural stem cells by identification and characterization of a set of transcripts that selectively and commonly expressed in adult HSC and neural stem͞progenitor cells. We commence by describing the genes that differentially expressed in adult HSC as compared with BM. We took advantage of suppression subtractive hybridization (SSH; ref. 46) , best optimized for limited amounts of starting materials (47, 48) .
Mouse fetal liver HSC differ from adult BM HSC in a number of ways. Fetal liver HSC retain broader developmental potential than adult BM HSC-e.g., for producing fetal T cells with skin and female reproductive tract homing potential expressing ␥␦ T-cell receptors (V␥3V␦1 for skin, V␥4V␦1 for vagina; refs. 49 and 50), B1 peripheral and marginal zone B cells (51) , and CD4 ϩ , CD3 Ϫ , LTB ϩ , ␣4 ϩ , ␤7 ϩ early lymph node cells (52) . In addition, fetal liver HSC support the expansion of the HSC pool by the high rate of cell cycle entry (53), whereas steady-state adult BM HSC randomly enter cell cycle at the rate of 8% per day (54) . Thus, we expected to find many ontogeny-specific changes in HSC, as well as many genes (such as Cyt28) in common.
Intriguingly, among the most abundant transcripts in the HB library were those coding for the protease inhibitors, CTLA-2, specifically found in activated T cells, and Spi2A, a potentially intracellular serpin (55) with close homology to secreted proteins. Curiously, Spi2A expression is not detected in resting T cells, but quickly induced upon Con A activation, mainly in CD8 ϩ cytotoxic T cells (31) . Serpins in HSC may inhibit the activity of regulatory proteases perhaps involved in the differentiation of HSC. Also, overexpression of serpins in HSC and activated T cells might serve to prevent apoptosis; for example, serpin 6 was likewise implicated in negative regulation of apoptosis in monocytes and granulocytes by inhibiting cathepsin G (56) .
Among the transcription factors found in the HB library, both Meis1 and Evi-1 were identified as common loci of retroviral integration in myeloid leukemia in BXH-2 (57, 58) and AKXD (59) mice, respectively. Recent findings suggest that cooperating with Pbx and Hox family members, Meis1 may play a key role in the immortalization of myeloid progenitors (60) . The Evi-1 oncoprotein was found to be involved in chromosomal translocation and connected with pathogenesis of human leukemias (61) . Remarkably, many oncoproteins-e.g., MYC, BCL-2, C-ABL, EVI-1-play an important role both in normal leukemogenesis and oncogenesis. Among normal hematopoietic stem and progenitor cells, only HSC and especially long-term HSC have the capacity for long-term self-renewal (7). Specifically, prospectively isolated progenitors in the myeloerythroid pathway do not self-renew in vitro or in vivo (62) , yet every leukemia in the myeloid-restricted pathway has acquired the property of self-renewal. It shall be important to determine whether genes regulated by Meis1 and Evi-1 play more general roles in selfrenewal or prevention of differentiation, properties that functionally are similar in cancer cells and stem cells (63) .
Abundant in HB were genes encoding two novel proteins, Cyt28 and mEML1, belonging to the 7TM family, which is one of the largest eukaryotic gene families (2-3% of all proteins) and mostly composed of G protein-coupled receptors (GPCR) involved in signal transduction (64) . Both receptors possess the recently identified GPCR proteolytic site (GPC) domain (65) shown to encompass a cleavage site for the ␣-Latrotoxin receptor, whose N-and C-terminal parts remain strongly associated (66) . We found mETL1 variants with one or two tandem-organized, Ca-binding, EGF-like domains, most probably the splice variants, which is a common phenomenon in 7TM receptors (67) .
The Cyt28 receptor provided the first link to neurogenesis. The most prominent Cyt28 staining in vivo was seen within the proliferative layer(s) of cells immediately adjacent to the ventricles, previously demonstrated to harbor at least some types of neuronal stem cells (21) , suggesting that Cyt28 is a potential marker for neural stem͞progenitor cells. In addition, some clusters of cells in the E13 liver and spinal cord cells were found to be positively stained. It remains to be determined whether these are HSC clusters present in the liver at day 13 p.c. (53) . Interestingly, a high expression level of TM7XN1, one of the Cyt28 human homologues, was found to positively correlate with the low metastatic capacity of melanomas (43) . In light of the growing evidence of stem cell plasticity, it is tempting to speculate that commonly expressed receptors (like Cyt28) could account for the ability of stem cells to respond to different milieu, thus providing a molecular basis for the phenomena.
A systemic screen for genes selectively expressed in two different stem͞progenitor cell populations, but not in differentiated cells (HSC vs. BM and NS vs. DC) yielded a number of candidates including known genes, their homologues, and 25% of novel genes. For the genes playing roles both in lympho-and neuropoiesis, a double phenotype would be expected in KO mice. Indeed, for Ku80, a DNA-binding subunit of DNA-PK found among common-specific genes, KO mice showed defects in both lymphogenesis and neurogenesis (68) . Interestingly, by in situ hybridization, Ku80 expression was predominant in VZ compared with SVZ, whereas in Ku80 KO mice the massive cell death was found mainly in the SVZ (68) . This finding raises the possibility that survival of migrating immature neurons depends on the function of Ku80, and possibly other components of the DNA repair machinery, in the neural stem͞progenitor compartment. The finding of ERCC-1, a DNA repair gene, among common-selective genes and a critical role of DNA end-joining proteins XRCC-4 and DNA ligase in lymphogenesis and neurogenesis (69) support this idea.
In addition to clearly observed correlates between hematopoiesis and neuropoiesis (70, 71) , recent experiments suggested a much broader developmental capacity of HSC than previously thought (16, 20, 21) . A close functional relationship was proposed between HSC, central nervous system stem cells (NSC), and possibly many other stem cell types; these unexpected progeny from tissue-specific multipotent could indicate either stem cell plasticity or pluripotency (21, 22, 63) . Here, we have demonstrated a molecular similarity between the stem cells of hematopoiesis and of neural lineage cells. It shall be important to test whether these candidate molecules are involved in stem cell self-renewal, differentiation, or even plasticity.
Despite very different genetic programs in vivo, under normal circumstances these two groups of cells share a fundamental common property: life-long self-renewal. Together with the ability to give rise to terminally differentiated cells, self-renewal is a specific and common feature of stem cells (by definition) that distinguishes them from the nearest environment. Thus, we would speculate that genes with common and differential expression patterns were evolved to participate in basic stem cell functions, including self-renewal (Fig. 4) . 
